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ABSTRACT – This paper presents a new method developed for the atmospheric 
correction of the images that will be acquired by the Venµs satellite after its 
launch expected in early 2010. Every two days, the Venµs mission will provide 
10m resolution images of 50 sites, in 12 narrow spectral bands ranging from 
415 nm to 910 nm. The sun synchronous Venµs orbit will have a 2 day repeat 
cycle, and the images of a given site will always be acquired from the same 
place, at the same local hour, with constant observation angles. Thanks to these 
characteristics, the directional effects will be considerably reduced since only the 
solar angles will slowly vary with time.
The algorithm that will be implemented for the atmospheric correction of Venµs 
data is being developed using both radiative transfer simulations and the actual 
data  acquired  by  the  Formosat-2  satellite.  Because  of  its  one  day  sun 
synchronous  repeat  cycle,  Formosat-2  acquires  images  with  a  sun-viewing 
geometry close to the one Venµs will offer. With this geometry, reflectance time 
series  are free from directional  effects on the short term, a feature which 
reduces  the  number of  unknowns to  retrieve.  The  atmospheric corrections 
algorithm exploits this feature and the two following assumptions:
- aerosol optical properties vary quickly with time but slowly with location.
- surface reflectances vary quickly with location but slowly with time.
Consequently, the top of atmosphere reflectance short term variations (10 to 15 
1
days) are mainly due to the variations of aerosol optical properties, and it is 
thus possible to use these variations to characterise the atmospheric aerosols 
and to retrieve surface reflectances. 
This paper first describes the aerosol inversion method we developed and its 
results when applied to simulations. In a second part, we show the first tests of  
the  method against  three  data  sets  acquired  by  Formosat-2  images  with 
constant observation angles.  Aeronet  sun  photometers measurements  were 
available  on  all  site.  Formosat-2  estimates  of  optical  thickness  compare 
favourably  with  Aeronet  in-situ  measurements,  leading  to  a  noticeable 
improvement  of  the smoothness of  time series of  surface reflectances after 
atmospheric correction.
   1 INTRODUCTION
Atmospheric correction is one of the key steps to obtain surface reflectances from space 
borne optical instruments operating in the visible and near infrared domain. The main 


















explained   easily   with   equation   (1),   which   is   a   first   order   approximation   of   the 
atmospheric radiative transfer  :
rTOA=t g .r surf .T atmAOP +ratmAOP (1)




by atmospheric  gases,  ratmAOP   is  the  atmospheric  path reflectance,  and    t g   is   the 
transmission   of  molecular   gases   in   the   atmosphere.   In   this   equation,   for   the   sake 
simplification, multiple scattering is neglected and gaseous transmission is computed 
separately,
In this equation, for each measurement of   r TOA ,  we have two unknowns, the surface 
reflectance  and   the  AOP,   the   gaseous   transmission  being   accurately  predicted  using 





and   advanced   measurement   techniques   to   determine   simultaneously   the   surface 
reflectance and the AOP. 
The   sensors  of  POLDER  family  enable   to   invert   aerosols   thanks   to  multi­directional 








Another   family   of   algorithms   assumes   a   spectral   relationship   between   surface 
reflectances measured in two or more spectral bands (Remer et al, 2005).  These methods 
are usually not very efficient on bright targets, and work better if a Short Wave Infra Red 




















narrow   spectral   bands.   The   constant   observation   angles   enable   to   minimize   the 
directional effects, and usually, surface reflectance does not change a lot during a couple 
of  days.  Consequently,  TOA reflectance variations during a couple of  days are mainly 
related to atmospheric effects. Such a property was investigated with Landsat by Tanré et 
al,   (1988),   but   the   study   focused  on   the  blurring  effects  and  not  on   the   reflectance 
variations because of the long time lag between two successive acquisitions. 
Recent studies have shown the potential of using the short term temporal stability of 






­   the aerosol  optical  properties  (AOP) vary quickly  with  time but usually  slowly  with 
location.








by   the  Taiwan  National   Space  Organisation   (NSPO),  was   launched   in  May   2004.   It 




very   different   landscapes.  The  AOP   inverted   from   the   images   are   compared   to   the 
measurements collected with Aeronet sun photometers for each site.  
2 AOP INVERSION METHOD
  2.1 Atmospheric Model
The atmospheric model we use in this study is the Successive Orders of Scattering code 











done   by   fitting   a   3rd  degree   polynomial   on   the   LUT   values   (r
surf
  =>   r
TOA
)  for   each 










varying   sun   angles,   and   for   a   given   viewing   angle   configuration,   using   SAIL 
radiative   transfer   model   (Verhoef   et   al,   1984),   coupled   with   the   PROSPECT 
(Jacquemoud et al, 1990) and SOILSPECT (Jacquemoud et al, 1992) models that 
provide the Bidirectional Reflectance Distribution Functions (BRDF) of leaves and 















the continental  category   defined by Omar et  al.   (2005).  Finally,  some random 
noise   is  added  to   the  TOA reflectances   to  account   for   instrumental  noise  and 
registration errors: Venµs signal to noise ratio (SNR) is required to be better than 
100 at 10 m resolution, but since the AOP will be inverted at a reduced resolution 





2.3 Evaluation of Cost Functions
Our AOP inversion method is based on the minimization of a cost function : in this study, 
we have  successively  experimented  two different  cost   functions which are presented 
hereafter.  The cost   function are minimised using a  non  linear   least­squares  method, 
based on Levenberg­Marquardt algorithm.
Cost= ∑
i , j ,
atmcor rTOA i , j , , D  ,AOP D −atmcor rTOA i , j , , D2  ,AOP D2 2 (2)
Equation 2 (illustrated by Fig. 1) shows our first cost function, directly derived from the 
properties   described   at   the   beginning   of   this   chapter.   In   this   equation,    is   the 
wavelength, (i, j) are the coordinates of pixels belonging to a neighbourhood, atmcor is the 

































reflectances:   rsurf  i , j , , D  .   This   reflectance   comes   from   a   previous   iteration   of   this 
algorithm using days D­2 and D. K is a weighting coefficient which is proportional to the 
average variation of   rTOA between day D and D+2.   If   the AOP of  day D and D+2 are 
different,   the value of  K  is  large,   the first   line of  equation 3  is  preponderant and the 
method works as for equation 2. If the value of K is low, the use of the a priori reflectance 









i , j ,
atmcor rTOA i , j , , D  ,AOP D − atmcor rTOA i , j , , D2 ,AOP D+2 2
 ∑
i , j ,
atmcor rTOA i , j , , D  ,AOP  D − rsurf  i , j , , D 2
 ∑
i , j ,



























that   the   standard   deviation   of   AOT   does   not   increase   much.   Concerning   surface 
reflectance errors, the performances for green and blue bands are not degraded by the 
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band  at   550  nm)   to   invert   the  optical   thickness,   instead  of   2   spectral  bands   in   the 
nominal  case (450nm and 550 nm bands).   In this  case the performances are slightly 
degraded  both   for  AOT   estimates   and   surface   reflectance.  Of   course,  when  using   2 
spectral bands, the sensitivity to noise is reduced. For Venµs, at least 5 spectral bands 
(412,   443,   490,   565   and   620   nm)   will   be   available   for   AOT   estimates,   and   the 
performances should thus be enhanced.
Case 5 corresponds to a 5% error on the absolute calibration of the sensor :  the TOA 






5.  For case 4,  we used a range of [0.1,  0.5].  As a result,  the standard deviation of the 
surface reflectance in the simulated neighbourhood was decreased from 0.04 to 0.01 in 
the  green spectral  band;   this  case corresponds to  a  very degraded case  since such a 
uniformity   of   surface   reflectance   is   quite   rare.   Results   show   some   increase   of   the 
standard deviation of  AOT estimation errors,  and  above all  a  bias  on  the  AOT.    The 
information content being poorer because of the uniformity of surface reflectances,  the 











when   the   surface   reflectance   is   dark   and   the   AOT   increases,   the   decrease   of 
transmittance has  a  very   low  impact,  whereas,   for  a  brighter  surface  reflectance,   the 
transmittance decrease can compensate the atmospheric path radiance increase.
13
3 Results obtained with Formosat-2 data
The method based on the second cost function (eq. 3) has been applied to three different 













Aeronet   site(  50  km North  of  La  Crau)  was  used   from March   to  May,   then   the   sun 
photometer was transported directly to La Crau site. 
The   preprocessing   of   Formosat­2   data   is   described   hereafter.   First,   the   Formosat­2 
images   are   geolocated,   registered,   calibrated,   and   the   clouds   and   their   shadows  are 
discarded.  The   absorption   by   atmospheric  molecules   is   corrected   using   the   SMAC 
method (Rahman and Dedieu,  1994)  and average values of  ozone,  oxygen and water 
vapour concentrations. Formosat­2 images are then sub­sampled to 100m resolution in 






















use   a   constant   aerosol  model   for   all   the   sites   and   all   the  dates.  This  model   is   the 
continental one described in §2.2 (simulations). The a priori reflectance of the first date 
of the 3 time series was initialised by applying an atmospheric correction to the TOA 





reflectances near  the three Aeronet sites  in Tensift  (Morocco),  Muret  (France)  and La 




























● the  TOA  reflectance   time   series  at  100m  resolution  are   already  quite   smooth, 
thanks to the constant viewing angle; 
● surface reflectances in blue, green and red spectral bands are smoother than TOA 
reflectances   (see   for   instance   Fig   5   left   (November/December)   and   Fig   6   (all 
dates)). On the contrary, the smoothness of Near Infra Red (NIR) spectral band is 
not much enhanced by the atmospheric correction, but in many cases the sudden 
variations   observed  on  NIR   reflectances   are   either   due   to   surface   reflectance 



















● Our  Formosat­2  data  sets  have   some  long  data  gaps   (more   than  a  month   for 
Muret) because of satellite unavailability, programming conflicts with other user 
requests,  or  cloud cover.  One can note (Fig 6)   that  even in  this  case,   the  AOT 
retrieved on the day after the gap is close to the Aeronet value. In case of a longer 
data gap, a reinitialisation of the algorithm would be necessary.














The  better  performance   for  Muret   is  probably  due   to   the   lower   surface   reflectances 









0.2.   All   the   corrections   are   performed  using   the   same   constant   continental   aerosol 
model.  The figures show that   i)   the three atmospheric  corrections produce the same 
results for Near­Infrared band   ii) the surface reflectance variations against time in the 






















match   Formosat2   spectral   bands   and   viewing   direction.   Although   ROSAS   surface 
reflectances   are   somewhat   noisy,   they   are   consistent   with   the   Formosat2   surface 
reflectances derived by our method, with maybe a little bias in the blue band. 
  4 CONCLUSIONS








noise   and   to   quick   surface   reflectance   variations:   an   averaging   to   reduce   noise   is 






surface   reflectances   are   after   atmospheric   correction   are   consistent   with   in­situ 
measurements obtained in La Crau. In the visible spectral bands, the reflectances after 
atmospheric  correction are  much smoother   than the  TOA reflectances.  However,   the 






optical   thickness.   Despite   these   limitations,   the   definition   level   of   our   method   is 
sufficient to begin its implementation in the future operational Venµs level 2 processing. 
It may also be worth trying to apply it to other satellites with a high revisit frequency and 
constant observations angles:   for   instance,   the weather geostationary satellites (MSG, 
GOES) as well as CNES's POLDER­2 mission have these features. ESA Sentinel­2 future 




















(dashed line) and to 0.6 (solid  line)  to obtain TOA reflectances.    Then a noise with a 




increases.   This   increase   of   standard   deviation   is   due   to   the   non   linearity   of   the 
atmospheric correction, as shown on Fig 13. 




















i , j ,
atmcor rTOA i , j , , D  ,AOT D −atmcor rTOA i , j , , D2  ,AOT D2  2
equation (4)
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Atm ospheric inverse 
m odel
AOP (D)       AOP (D+2)
Figure 1: Scheme of a first version of aerosol inversion cost function, in the case of Venµs, for which 
acquisitions will be available every second day. In this version, a Levenberg-Marquardt least squares 
minimization algorithm searches for the Aerosol Optical Properties of day D and D+2 that minimize 
the differences between the surface reflectances of day D and D+2.   
27
Figure  2: Inversion of Aerosol Optical Thickness (AOT) with simulated data. 200 days of top of  
atmosphere reflectances have been simulated with random AOT and a constant aerosol model, left  
with a landscape SNR of 400 and an instrument SNR of 400, right, with a landscape SNR of 100 and 
an instrument SNR of 400. The inversion of the AOT with the scheme on Fig 2 is correct when the 
difference of AOT for two successive days is greater than 0.1 (circles), but erroneous when the AOP 
difference is lower than 0.1 (filled triangles).
28
Figure 3: Scheme of the final version of aerosol inversion cost function. In this version, a Levenberg-
Marquardt least squares minimization searches for the Aerosol Optical Properties of day D and D+2 
that not only minimize the differences between the surface reflectances of day D and D+2, but also 
the differences of surface reflectances of day D and D+2 with the  surface reflectance of D computed  
by the previous iteration of the algorithm (using the TOA reflectances of  D-2 and D.)
29
Figure  4:  Results obtained with the same simulations as for Figure 2, but with the cost function 
described in Figure 3. The left plot shows that consecutive days with small AOT difference (triangles)  
behave similarly to higher differences. On the right, the error on the retrieved AOT is shown versus 
day  number.  This  plot  shows that  after  an  initial  error  of  0.15, the  retrieved  optical thickness  

























Figure 8: Formosat-2 image (reduced to 100m resolution) of  the Muret site on 
November 18th showing semi-transparent clouds in the central part of the 
image. The white arrow shows the Forest site.
34
Figure 9: shows the comparison of optical thicknesses derived by our method 
and by the Aeronet instrument, left for Tensift (Morocco) data set, middle for 
Muret (France), right for La Crau data set. 
35
Figure 10: surface reflectances as a function of time for Muret (left), Tensift 
(Right) for Formosat-2 blue, red, and NIR spectral bands, only for the dates 
when both Formosat-2 and Aeronet data are available. For each band, the 
atmospheric correction is performed either with Formosat-2 AOT , (blue line with 
filled symbols), or with Aeronet AOT (blue dashed line with unfilled symbols), or 
with a constant AOT (red line with cyan filled symbols). To simplify the figure, 
the green band is not presented because it often overlaps the red band. 
36
Figure 11: surface reflectances as a function of time at La Crau  “desert” site 
for the blue, red, and NIR spectral bands (lines) compared to in-situ surface 
reflectances measured by CNES ROSAS automated station
37
Figure 12:: the blue histograms correspond to 1the result of  500000 
simulations of TOA reflectances corresponding to a surface reflectance of 0.1, for 
an optical thickness of 0.1(dashed line) or 0.6 (solid line), with an added 
Gaussian noise with a standard deviation of 0.015. The black lines correspond to 
the result of the atmospheric correction and shows a broader surface reflectance 
histogram when the AOT is 0.6.
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Figure 13: : surface reflectance as a function of TOA reflectance for Formosat2 
blue band and for a continental aerosol model with an AOT equal to 0.5. The 









Table 1: Error statistics on AOT and surface reflectance as a function of landscape signal to noise 
ratio. simulations are performed for an instrument signal to noise ratio of 400 at reduced resolution, 











MS error on NIR 
band surface 
reflectance  
50 0.053 -0.075 0.0052 0.0054
100 0.037 -0.022 0.0026 0.0028
200 0.031 -0.007 0.0019 0.0016
400 0.030 -0.004 0.0018 0.0011
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Nominal case 0.037 -0.022 0.0026 0.0028
Case 1: Different aerosol model for 
simulations (mean radius 0.1 µm) and 
AOT inversion (mean radius 0.07 µm)
Different aerosol model for 
simulations (mean radius 0.07 µm) 










Case 2: lower AOT range
AOT ranging in [0.1,0.5] 
instead of [0.1,0.8]
 0.050 -0.027 0.0028 0.0030
Case 3: lower AOT values
AOT ranging in [0.0,0.7] 
instead of [0.1,0.8]
 0.036 0.001 0.0018 0.0028
Case 4: Only one spectral band for 
AOT estimation 0.052 -0.041 0.0037 0.0030
Case 5: 5% bias on sensor calibration 0.031 -0.053 0.0097 0.0203
Case 6 : more uniform landscape
LAI ranging in [0.1,0.5] 
instead of   [0.1,5]
0.052 -0.072 0.0048 0.0024
Case 7 : brighter landscape
Green reflectance ranging in 
[0.19,0.23] 
instead of   [0.09,0.13]
0.043 -0.042 0.0020 0.0045
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